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PROPAGATION PATTERN OF INTERPLANETARY SHOCK WAVES
ASSOCIATED WITH SOLAR PROTON FLARES

Kunitomo Sakuraix*
Radio Astronomy Branch
Laboratory for Extraterrestrial Physics
NASA/Goddard Space Flight Center
Greenbelt, Maryland 20771
ABSTRACT

The two dimensional pattern of interplanetary shock waves
are deduced by taking into account the solar longitude dependence
of the time intervals between SSC geomagnetic storms and
responsible flares., This pattern near the earth's orbit is
not symmetric with respect to the meridian plane which crosses
the position of the flare, and the highest speed of this wave
propagation is observed in the direction about 30 degrees
east of this meridian plane. The magnitude of the Forbush
decreases of galactic cosmic rays also varies with the
longitude positions of those flares. This is used to estimate
the distribution of magnetic fields behind the shock waves.

The propagation pattern deduced above coincides with
the expanding pattern of magnetic bottles which are the sources
of moving type IV radio bursts. Discussion is given on the
relationship between the interplanetary shock waves énd these
magnetic bottles,
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1. 1Introduction

Wide~band type iv radio bursté are usually associated
with solar prqtén flares (e.g., Obayashi, 1964; Sakurai,
1973a). These>f1ares'afe also accompanied by type II radio
bursts which précede mo&ihg type IV bursts in‘metric
frequencies. These t&pe fI bﬁrgté aré, moreover, usually
followed by SSC.geomaghefic sformé. The relationships
between type 11 burstg and.thesé storms have been statistically
investigated (e.g., Maeda et al., 1962; Akasofu and Yoshida,
1967). Hirshbérg (1968) ﬂas studied tﬁe propagation pattern
of interpianetary shoék waves, Recenti&, the shape of these
waves has been esfimatéd by using satellite daté (e.g.,
Tayldr, 1965; Landt and Croft, 1970; Chao énd Lepping, 1972).
Furthérmoré, this shape has been theoreticaily investigated
by dé Young and Hﬁndhauseﬁ (1971) and Hundhausen (1972).

In this case, howevér, they.aésumed that there is no
magnéfic field in interplanetary space, and neglected the
solar rbtation. |

In this paper, to estimate a shape of interplanetary

shock wave, we shall first analyze the time delays from

solar flares to SSC geomagnetic storms and the Forbush



decrease of galactic cosmic rays as a function of the
longitude positions of the flares on the solar disk, and
then estimate the shape of the shock wave near the earth's
orbit. Relationship between this shape and the expanding
magnetic bottles associated with moving type IV bursts
near the sun will be investigated by taking into account
the influence of the interplanetary magnetic field.

2. Solar Longitude Dependence of Some Characteristics

of Interplanetary Shock Waves Associated with Proton
Flares

The time intervals between solar flares and SSC geomagnetic
storms have been examined as a function of the longitude
positions of the flares on the solar disk. In this analysis,
we have used the observed data for 125 proton flares during
1956 - 1967 (see, Maeda et al., 1962; Jonah et al., 1965;
Obayashi et al., 1967; Hakura, 1968). These time intervals
seem to give an information for the propagation speed of
interplanetary shock waves dependent on the flare positions

over the solar disk*. These time intervals are shown in

*It is known that the magnitude of the geomagnetic horizontal
component increase during the sudden commencement is useful
to study the relationship between flare positions and the
propagation speed of shock waves (Hirshberg, 1968). However,
these magnetic data have not been considered in this paper,
because enough data were not available.



Fig. 1 with respect to the longitude positions of associated
flares. 1In this figure;'ah envelope for the shortest time
intervals is indicated by a chain line. The minimum interval
is seen about 30 degrees wést of the central meridian of the
solar disk. Using the result shown in Fig. 1, we have
estimated the mean time intervals.for the propagation of
interplanetary shock waves as a function of the solar
longitude (Fig.<2j. These mean time intervals will be used
to estimate the mean speed of the'interplahetary shock waves
during their propagation between the sun and the earth.
During 23 October to 4 November, 1968, the active
region McMath No. 9740 passed over the solar disk. This
region was quite active for the production of type IV radio
bursts and solar cosmic raysi(e.g.; Lincoln, 1970; Sakurai,
1973b). As reported by Barallio (1970), solar flares, which
occurred in this active region during the above period,
pfoduced ten times SSC geomagnetic storms. The time intervals
between associated flares and these storms have been examined
as a function of the 1ong1tude positions of these flares
(Fig. 35. This figure also shows that thelminimum time
interval was observed while this active region was about 40

degrees west of the central meridian, It may be said,



therefore, that the result shown in Fig. 3 is consistent
with the statistical results shown in Figs. 1 and 2.

Using the mean time intervals shown in Fig. 2, we have
estimated the angular distribution of the mean speed of
the shock waves with respect to the position of a typical
flare (Fig. 4). This indicates that these shock waves do
not propagate isotropically in interplanetary space and
that the highest speed (= 1200 Km sec_l) is observed in
the direction about 30 degrees east of the meridian plane
which crosses the flare region. We do not know, however,
what mechanism produces a propagation pattern of the shock
waves, as shown in Fig. 4, This mechanism may be related
to some characteristics of an associated flare or to the
distribution of the interplanetary magnetic field along the
propagation path,

To examine the influence of the interplanetary magnetic
field on the propagation of these waves, we have analyzed
the relationship between the Forbush decrease of galactic
cosmic rays and associated flares. Fig. 5 shows that the
magnitude of the Forbush decreases becomes larger as the

flare position moves eastwards from the west limb over the



solar.disk. As discussed by Sinno (1962) and Sakurai (1965),
this dependence of the Forbush decrease may be explained by
taking into account. the deformation .of the interplanetary
magnetic field by the shock waves,. The.result shown in

Fig. 5 suggests that the west side of the shock waves is
higher in the intensity of magnetic field than that for the
east side. This may be a result of the formation of the

wave pattern, as shown in Fig. 4, because the increase of
magnetic intensity must have been produced as a result of

the compression .of the intenplanetary magnetic field by the
shock waves., Therefore, the original-shape of interplanetary
shock waves just after emission by flares may not necessarily
be equal to that shown .in Fig. 4.

3. Shape of Interplanetary Shock Waves near the Earth's .
Orbit

The shape of interplanetary shock waves near the earth's
orbit.has beénvinQestigated by Hiféhberg (1968), Taylor (1969)
and Chao énd Lepping (1972). Their‘results show that the
shapé éf these shock wavés is not sphérical, but symmetric
with fespéct to the meridian plane whiéh crosses the position
of an assodiafed fléré. ‘Iﬁ 6ur‘ana1ysis, however, this éhape

is deformed from a Spherical form (Fig. 4).



In the case of the 8 July 1966 storm event, the data
obtained by the Pioneer 6 and IMP-3 spacecrafts for magnetic
and cosmic ray measurements are useful for estimating the
shape of the shock waves associated with a flare on 7 July
(Ness and Taylor, 1969; Rao et al., 1969; Lazarus and Binsack,
1969)., When this event occurred, the Pioneer 6 spacecraft
was at a distance of approximately 0.8 A.U. from the sun
and the spacecraft-sun-earth angle was about 45 degrees as
shown in Fig. 6. Taylor (1969) has determined the direction
of the shock front at the earth's position in this event,
Based on the magnetic field measurement by the two space-
crafts, Ness and Taylor (1969) have shown that the shape of
this shock front was not spherical with respect to the position
of the responsible flare (see Fig. 6). The observation by
Landt et al. (1970) supports this conclusion by Ness et al.
(1969). The cosmic ray observations also suggest a non-
spherical expansion of the shock wave in this event (Fig. 6)
(Rao et al., 1969). Although the onset time of the Forbush
decrease was not equal to that of the passage of the shock
front, the deduced patterns of the expanding shock waves

are similar between them, as shown in Fig. 6. The propagation



pattern of the shock.waves associated with this event is,
therefore, consistent_with.the.results obtained statistically
in the last section.

A non-spherical expansion of the shock waves may be
related to the action of the interplanetary magnetic field.
As shown by Dulk et al. (1971), these shock waves tend to
propagate along the mégnetic lines of force near and above
the regions where reSponsible flares occur. This suggests
that, on average, these waves also tend to propagate along
the magnetiénlines ofbforce“in intefplanetary space. 1If
this is the case, it is said that the observed shape of.
the shock waves forms ﬁartly becéuse of an anisotropic
propagation of these Waves.into.interplanetary Space.

The dependence of the Forbush decreases on the longitude
positions of associated flares may be explained by taking
intd account the prbpagatibn pattern of the shock waves
near the earth. Shock waves crossing magnetic field lines
tend to strengthen the tield intensity behind these waves
(e.g., Ferraro and Plumpfon, 1966).” When a flare occurs
on the eastern hemisphere of the sun, say 45 degrees east,

an associatedshock wave to be observed at the earth must



propagate across the magnetic field ambient in interplanetary
space. This type of propagation may be effective for
intensification of the magnetic field behind the shock wave.
This explanation may be applied to the result shown in Fig.
5.

4, Relation to Solar Radio Events Associated with Proton
Flares

Radio bursts of spectral type II and IV are generally
associated with proton flares. 1In order to obtain informa-
tion for the movement of radio sources for these bursts,
we have analyzed the onset time differences between the
microwave and metric components of type IV radio bursts
associated with flares which produced SSC geomagnetic storms,
These differences are shown in Fig, 7 as a function of the
longitude positions of associated flares (Sakurai, 1973c).
In this figure, the mean time differences are indicated by
a thick solid line.

Since these two component of the bursts are emitted
by gyro-synchrotron mechanism from mildly relativistic
electrons due to their interaction with sunspot magnetic

fields ambient in the flare regions, the result shown in



Fig. 7 is useful to estimate the movement of radio sources
for these bursts (Sakurai, 1970, 1973c). Because these
electrons seem to be trapped by sunspot magnetic field lines
near and above the flare regions, the shape of the radio
sources may be identified as magnetic bottles. Taking into
account the time differences shown in Fig. 7, Sakurai (1973c)
has suggested that the magnetic bottle tends to expand a

few ten degrees east of the meridian plane which crosses the
flare region. From this éonsideration, an expanding pattern
of the magnetic bottle has been deduced as shown in Fig. 8.
This type of bottles would be sometimes ejected into inter-
planetary space, as suggested by Gold (1959).

As shown by Dulk et al. (1971) and Smerd et al. (1971),
this expanding pattern is slightly different from the
propagation pattern of the shock waves exciting type II
bursts. It, however, seems likely that this expanding
pattern forms under the influence of the magnetic fields
ambient in and around the flare region. The difference of
the patterns between the magnetic bottle expansion and
the ‘shock propagation may be explained by taking into account

the path of the propagation.of shock waves, near the flare



region, which excite type II bursts: that is, these shock
waves mainly tend to propagate along the magnetic field lines
extending into interplanetary space (e.g., Dulk et al., 1971).
Taking into account this propagation characteristic, we here
propose a model that interplanetary shock waves propagate
mainly along the magnetic field lines in interplanetary space.
This can explain the results shown in Figs. 2 and 4. It
seems, however, that the magnetic bottles do not follow behind
the shock waves in interplanetary space (Sakurai and Chao,
1973) because the expanding pattern of the former is different
from that of the latter (see Figs. 4 and 8).

5. Conclusion

Using the dependence on the solar longitude of the time
intervals between SSC geomagnetic storms and responsible
flares, the shape and the propagation pattern of interplanetary
shock waves near the earth's orbit have been deduced. The
shape of these waves is not spherically symmetric with respect
to the position of an associated flare, although a deduction
of this shape is limited in the two dimensional plane in
which both the sun and the earth are located. Associated

Forbush decreases of cosmic rays also depend on the longitude

10



positions of responsible flares on the solar disk. This
may give a clue to estimate the distribution of magnetic
field behind the shock fronts in interplanetary space,

These shock waves are usually emitted by solar flares
which are accompanied by radio bursts of spectral type II
and IV. Initial stage of the development of a moving type
IV burst in metric frequency is dependent on the longitudinal
position of an associated flare (Fig: 7). This suggests
that the expansion of magnetic bottles which trap mildly
relativistic electrons responsible for these bursts is not
isotropic. An expanding pattern thus estimated qualitatively
coincides with the propagation pattern of interplanetary
shock waves.
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Fig. 2. - The mean time delays as a function of the longitude

positions of responsible flares.
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Fig. 3. - The time delays observed during the passage of the

active region McMath No. 9740 between 29 October
and 4 November, 1968.
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Fig. 4. - Mean expansion speeds of interplanetary shock waves

which are dependent on the observing direction to
the flare region from the earth., These speeds have
been derived using the result shown in Fig. 2.
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respect to the longitude positions of responsible
flares. Solid lines indicate the mean time intervals.
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